The polyphenol profile of apple (Malus 3 domestica) is dominated by the dihydrochalcone glycoside phloridzin, but its physiological role is yet to be elucidated. Biosynthesis of phloridzin occurs as a side branch of the main phenylpropanoid pathway, with the final step mediated by the phloretin-specific glycosyltransferase UGT88F1. Unexpectedly, given that UGTs are sometimes viewed as 'decorating enzymes', UGT88F1 knockdown lines were severely dwarfed, with greatly reduced internode lengths, narrow lanceolate leaves, and changes in leaf and fruit cellular morphology. These changes suggested that auxin transport had been altered in the knockdown lines, which was confirmed in assays showing that auxin flux from the shoot apex was increased in the transgenic lines. Metabolite analysis revealed no accumulation of the phloretin aglycone, as well as decreases in many non-target phenylpropanoid compounds. This decreased accumulation of metabolites appeared to be mediated by the repression of the phenylpropanoid pathway via a reduction in key transcript levels (e.g. phenylalanine ammonia lyase, PAL) and enzyme activities (PAL and chalcone synthase). Application of exogenous phloridzin to the UGT88F1 knockdown lines in tissue culture enhanced axial leaf growth and partially restored some aspects of 'normal' apple leaf growth. Together, our results strongly implicate dihydrochalcones as critical compounds in modulating phenylpropanoid pathway flux and establishing auxin patterning early in apple development.
INTRODUCTION
The phenylpropanoid pathway produces a large array of structurally diverse molecules, including hydroxycinnamic acids and flavonoids such as flavonols, anthocyanins, dihydrochalcones and their glycoside derivatives (Figure 1 ). The step catalysed by phenylalanine ammonia lyase (PAL) is the entry point to the pathway, and regulates flavonoid pathway flux and the final concentration of flavonoid compounds in a number of species (Bate et al., 1994; Howles et al., 1996) . Other key branch points in the lower pathway towards flavonoid and anthocyanin biosynthesis are regulated by chalcone synthase (CHS) and dihydroflavonol reductase (DFR), respectively (Austin and Noel, 2001; Martens et al., 2002) . Phenylpropanoids are termed 'secondary metabolites', inferring a less important role in the growth and development of the plant. Research has now established that not only are these compounds essential for structural support, UV tolerance and pathogen defence responses (Falcone Ferreyra et al., 2012) , but increasing evidence is emerging that these metabolites are also important modulators of plant growth and development (Peer and Murphy, 2007) .
The strict regulation of vegetative growth is a key factor in the survival strategy of any plant, and requires the appropriate synthesis and distribution of hormonal regulators. One key class of growth regulators are the auxins, and in particular the phytohormone indole acetic acid (IAA). Auxin is transported basipetally in the shoots and in a more complex pattern in the roots (Friml, 2003) . This polar movement occurs between cells and is accomplished by a network of protein carriers, which pump auxin in and out of the cell (G€ alweiler et al., 1998; Geisler et al., 2005) ; however, a complete picture of how auxin transport is modulated by endogenous secondary metabolites has not yet emerged.
A number of studies have demonstrated the effects of flavonoids on the transport of IAA in Arabidopsis, and have documented changes in the resulting growth pattern of the plant (Brown et al., 2001; Buer and Muday, 2004; Besseau et al., 2007) . One early study demonstrated that flavonoids, such as quercetin, apigenin and kaempferol, can compete with the synthetic auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) in a variety of tissues (Jacobs and Rubery, 1988) . Later studies focused on Arabidopsis mutants to investigate the effects of the over-or under-production of flavonols on auxin transport (Brown et al., 2001; Peer and Murphy, 2007; Kuhn et al., 2011) . CHS mutants (transparent testa 4, tt4) displayed higher shoot-to-root auxin transport and exhibited phenotypic changes that included more secondary inflorescence stems, reduced plant height and decreased stem diameter. These effects were attributed to elevated auxin transport. This increased auxin transport was able to be reversed when tt4 plants were supplied with exogenous naringenin, the downstream product of CHS (Brown et al., 2001) . Similarly, excess flavonoids can also perturb auxin transport. Transparent testa 3 (tt3) and transparent testa 7 (tt7) mutants, which over-produce quercetin and kaempferol, respectively, display reduced auxin transport and alterations in architectural phenotype (Peer and Murphy, 2007; Buer and Djordjevic, 2009) .
Recent studies in Arabidopsis suggest that flavonol glycosylation may also play an important role in regulating phenylpropanoid pathway flux and governing shoot morphology by controlling polar auxin transport (Yin et al., 2014) . Glycosylation is mediated by uridine 5 0 -diphosphoglucose (UDP)-dependent glycosyltransferases (UGTs), and phenylpropanoids are usually glycosylated at the 3-O or 7-O position. This modification serves to increase stability and solubility, as well as decrease the potential toxicity of the aglycone precursor (Cos et al., 2001; Winkel-Shirley, 2006 transport, which resulted in dwarfed plants with a more highly branched growth pattern. The dwarf phenotype was attributed to the accumulation of high levels of a kaempferol glycoside as a result of the loss of UGT78D2 activity, which competes for the kaempferol aglycone substrate (Yin et al., 2014) .
In apple (Malus × domestica), the polyphenol profile is dominated by the dihydrochalcone glycoside phloridzin, which comprises up to 90% of soluble phenolics in the bark, leaves and roots (Gosch et al., 2010b) . Phloridzin does not accumulate in significant quantities outside Malus, and for this reason it has been used as a diagnostic compound to detect apple additives in processed fruit products (Silva et al., 2000) . The biosynthesis of phloridzin occurs as a side branch of the main phenylpropanoid pathway, but the steps involved are not completely understood (Figure 1) . A carbon bond reductase is proposed to act on p-coumaroyl coenzyme A (CoA) to produce the dihydro-p-coumaroyl CoA precursor, which is then condensed by CHS to form phloretin (Gosch et al., 2009; Dare et al., 2013a; Ibdah et al., 2014) . The final step in the pathway is the O-linked glycosylation of the 2 0 position of the phloretin aglycone by UGTs, such as UGT88F1 and UGT71A15, to produce phloridzin (Jugd e et al., 2008; Gosch et al., 2010a) .
The physiological role of phloridzin in apple is yet to be elucidated. Some previous studies suggested a role in plant defence Gaucher et al., 2013a) , whereas other evidence inferred that phloridzin might act as a plant growth regulator. For example, phloridzin has been shown to inhibit coleoptile extension in straight growth tests (Hancock et al., 1962) , and can increase the number of axillary shoots in tissue culture (Jones, 1976) . In a more recent study, RNAi silencing of three CHS genes in apple yielded plants with greatly reduced levels of lower phenylpropanoid pathway products, including flavonols, anthocyanins and proanthocyanidins, which are synthesised from the chalcone skeleton produced by the CHS reaction (Dare et al., 2013b) . Loss of CHS activity also resulted in the reduction of dihydrochalcone levels, including phloridzin. Interestingly, these plants had a highly dwarfed growth pattern with significantly elevated levels of auxin transport.
In this study we specifically targeted the downregulation of the dihydrochalcone side branch of the phenylpropanoid pathway by silencing the phloretin-specific apple glycosyltransferase UGT88F1. Our aim was to reduce phloridzin levels without the accompanying loss of unrelated flavonoids; however, downregulation of UGT88F1 not only produced a dwarfed phenotype and changes to auxin transport that mimicked the CHS knock-out, but also revealed an unexpected reduction in the concentration of phenylpropanoids outside the dihydrochalcone side branch that may be mediated by transient phloretin accumulation.
RESULTS

Phenotypes of knockdown UGT88F1 lines
Two vectors designed to silence the phloretin-specific glycosyltransferase UGT88F1 were transformed into 'Royal Gala' (RG) using Agrobacterium-mediated gene transfer (Yao et al., 1995) . pTKO2:UGT88F1 contains an inverted repeat of 500 bp and targets UGT88F1 by RNAi, whereas pHEX2:UGT88F1 contains the full-length open reading frame (ORF) and targets the UGT88F1 gene by co-suppression. Sixteen transgenic plants (three pTKO2:UGT88F1 and 13 pHEX2:UGT88F1) were obtained that grew normally in tissue culture, although the leaf shape differed slightly among the plants. A number of severe phenotypic changes were observed in three UGT88F1 knockdown lines and four co-suppression lines when removed from tissue culture and grown under glasshouse conditions, however. These phenotypes included severe stunting (height reduced to 30-60% of controls, Figure 2a ; summarised in Table S1a), greatly reduced internode lengths ( Figure 2b ; Table S1b ) and reduced mature leaf size (Figure 2c) . A further five pHEX2:UGT88F1 co-suppression lines showed intermediate phenotypes where overall plant height was reduced slightly (10-20%; Table S1a), and leaves and stems showed a growth pattern that was a mix of extreme knockdown and phenotypes similar to RG (Figure 2d ). Examination of branches with phenotypes closer to normal indicated that the internode length in these plants was also significantly shorter than in the controls ( Table S1b) .
As a result of low vigour, plants exhibiting the most compromised growth patterns were not subjected to winter chilling and therefore plants flowered irregularly. Fruit set was generally poor and mature fruit were considerably smaller than the controls (Figure 2e ; summarised in Table S1a ), but did contain normal seed. Leaf petioles lacked the red coloration of control RG; however, anthocyanin accumulation was visible in the flower petals and in mature fruit skin (Figure 2e ). UGT88F1 knockdown lines produced condensed tannins, as reflected in the brown coloration of stalks, which was later confirmed by HPLC to be caused by the presence of proanthocyanidins ( Figure S1 ).
RT-qPCR expression and UGT activity analysis
UGT88F1 expression in the expanding leaves of three fully dwarfed knockdown lines (A5, A11 and A17) and three intermediate lines (A3, A7 and A50) was determined by quantitative RT-PCR. UGT88F1 expression in the fully dwarfed lines ranged from 8 to 10% of control RG levels, and from 56 to 86% in the intermediate lines (Figure 3a) . UGT88F1 expression was also reduced in both the roots and mature fruit (where available) of the fully dwarfed lines (Figures 3b,c) .
Two dwarfed knockdown lines (A5 and A17) were selected for more detailed biochemical analysis. Phloretin UGT activity was measured in protein extracts from expanded leaves of these and an RG control. Phloretin UGT activity was~sixfold lower in the two UGT88F1 knockdown lines ( Figure 3d ) compared with controls, indicating that the lowered UGT88F1 transcript levels resulted in greatly decreased 2 0 -O-glycosylation of phloretin.
Cellular changes
The cellular organisation of tissues from UGT88F1 knockdown lines was investigated by staining sections of line A5 and control RG with toluidine blue. This basic metachromatic dye stains secondary cell walls and allows changes in cell structure and organisation to be observed. Cross sections of expanding leaves from line A5 revealed a more irregular and compressed upper epidermis, and more tightly packed palisade and spongy mesophyll cell layers, compared with controls ( Figure 4a,b) . A comparison of stem longitudinal sections showed that line A5 had more rounded cells of varying size in the stem parenchyma (Figure 4c ) compared with the regular rows of columnar cells in the control (Figure 4d ). Vascular morphology also appeared to be altered, with changes in the distribution and shape of the xylem, phloem and fibres ( Figure 4c ). Sections taken from mature fruit showed similar cell morphology, although the hypodermis appeared significantly thicker in the UGT88F1 knockdown fruit (Figure 4e ,f).
Auxin transport
The presence of shortened internode length, reduced leaf size and the observed changes in cellular morphology suggest that auxin transport in the UGT88F1 knockdown lines had been altered. To test this hypothesis, the rate of more than threefold higher levels of [ 3 H]IAA compared with RG controls. This indicates that a much higher overall auxin flux was occurring in the UGT88F1 knockdown line downwards from the shoot apex.
Metabolite analysis
In expanding leaves of control RG the major dihydrochalcones were phloridzin, phloretin 2 0 -O-xyloglucoside and phloretin. High-performance liquid chromatography (HPLC) analysis of UGT88F1 lines A5 and A17 revealed a 65-75% decrease in the level of foliar phloridzin ( Figure 6a ).
Phloridzin xyloglucoside levels remained at control levels or were only slightly lowered, indicating that there was no diversion of the phloretin precursor to this dihydrochalcone glucoside. Contrary to expectation, the phloretin aglycone did not accumulate in the knockdown lines and instead phloretin levels were up to 14-fold lower compared with RG controls (Figure 6b ). Further metabolite analysis by liquid chromatography mass spectrometry (LC-MS) revealed that the concentration of a number of other compounds that were produced both early and late in the phenylpropanoid pathway decreased in the UGT88F1 One-way ANOVA: ***P < 0.001; **P < 0.01; *P < 0.05. knockdown lines, including p-coumarate derivatives, kaempferol glycosides and quercetin glycosides (Figure 7a , b). Interestingly, many of these compounds lie outside the dihydrochalcone side branch of the pathway. It is possible that UGT88F1 is a non-specific glycosyltransferase and is able to glycosylate a number of compounds in the phenylpropanoid pathway; however, a previous study has shown UGT88F1 to be highly specific for phloretin, and despite testing a further 15 phenolic compounds, including quercetin, catechin and p-coumaric acid, none appeared to act as a substrate for UGT88F1 (Jugd e et al., 2008) . Downregulation of UGT88F1 resulted in the accumulation of two dihydrochalcone compounds not detected in RG controls: trilobatin (phloretin-4 0 -O-glucoside) and a positional isomer of phloridzin. Attempts were made to characterise this unknown isomer using MS 4 analysis (Figure S2) . This revealed the presence of a sugar group of equal mass to glucose, but not attached at the R3 or R4 position of the A-ring, as in phloridzin and trilobatin, inferring a highly unusual B-ring glycosylation pattern at the R1 or R2 position (Figure 1b) . The presence of these dihydrochalcones not normally found in RG may indicate that other competing 4 0 -O-glycosyltransferases are using the phloretin substrate when UGT88F1 levels are reduced. The appearance of these new compounds in the knockdown lines does not reflect a simple diversion of the phloretin precursor to the equivalent quantity of related dihydrochalcones, however, as they comprise less than 5% of the phloridzin lost through gene silencing.
The accumulation of new phloretin derivatives in the UGT88F1 knockdown lines implied that other related phloretin glycosyltransferases may be upregulated in the expanding leaves. Previous research identified an additional two glycosyltransferases that were also able to use phloretin (Gosch et al., 2010a) . UGT71A15 and UGT71K1 share 34.6 and 36% amino acid identity, respectively, with UGT88F1, but act on a wider range of substrates, and UGT71A15 was shown to produce trilobatin and phloretin-4-O-glucoside in in vitro assays (Gosch et al., 2010a) . RT-qPCR analysis showed that transcript levels of UGT71A15 and UGT71K1 were significantly higher in both UGT88F1 knockdown lines A5 and A17, compared with RG controls (Figure 8a ). These enzymes may be responsible for the formation of trilobatin and the unknown phloridzin isomer in the UGT88F1 knockdown lines.
Transcript levels of phenylpropanoid pathway genes outside the dihydrochalcone side branch
The unexpected decrease in many non-target phenylpropanoid compounds following UGT88F1 downregulation prompted an investigation into the expression of other pathway genes outside the dihydrochalcone side branch. Quantitative RT-PCR was used to compare the transcript levels of PAL, cinnamate-4-hydroxylase (C4H), 4-coumarate CoA-ligase (4CL), CHS, flavanone-3-hydroxylase (F3H), dihydroflavanol reductase (DFR) and flavonol synthase (FLS) in expanding leaves of UGT88F1 knockdown lines A5 and A17 and RG control. A number of structural genes showed significant decreases in transcript levels in both knockdown lines relative to controls (Figure 8b ), including PAL (3.0-fold), C4H (4.0-fold), DFR (4.5-fold) and FLS (2.0-to 2.7-fold). A 1.8-to 2.0-fold increase in transcript levels was observed for 4CL, but this was not statistically significant . Phloretin and phloridzin content in UGT88F1 knockdown lines. HPLC was used to measure phloridzin (a) and phloretin (b) concentrations in the expanding leaves of UGT88F1 knockdown lines A5 and A17 and the 'Royal Gala' control. Data show means AE SEs for six replicate extracts. Oneway ANOVA: ***P < 0.001; **P < 0.01. because of variability within the replicates. CHS expression remained at, or slightly higher, than control levels.
The threefold decrease in PAL expression was of particular relevance to the loss of phloretin and non-dihydrochalcone phenylpropanoids in the UGT88F1 knockdown lines. PAL is a key enzyme in plant metabolism, and acts as a gateway between the primary metabolic processes and the production of specialised products from the phenylpropanoid pathway. A reduction in PAL transcript and PAL activity would therefore lead to a decreased supply of precursors for the early and late biosynthetic enzymes of the phenylpropanoid pathway, and to reduced levels of downstream compounds as a result. Levels of PAL activity in the expanding leaves of UGT88F1 knockdown lines A5 and A17 and RG controls were assayed to determine whether the lowered transcript level equated to a decreased synthesis of cinnamic acid. Figure 8c shows that the levels of cinnamic acid produced by UGT88F1 leaf extracts were~f ourfold less than in the control extracts, indicating that the supply of phenylpropanoid pathway precursors could be limiting in UGT88F1 knockdown lines. Interestingly, the CHS activity in leaves of knockdown lines A5 and A17 was also found to be significantly lower compared with the RG control (Figure 8d ). This result contrasts with expression data (Figure 8b ) that show CHS transcript levels to be similar in the knockdown lines and controls.
Inhibition of PAL and CHS by phloretin
The reduced accumulation of phloretin in the UGT88F1 knockdown lines compared with the RG controls, coupled with the reduced levels of non-dihydrochalcone compounds, and the downregulation of PAL expression and activity, suggested that the transient accumulation of phloretin may be negatively affecting the entry point of the phenylpropanoid pathway. To test this hypothesis, PAL activity in RG leaves was measured in the presence of 1 mM phloretin. Figure 9b shows that the addition of 1 mM phloretin to the reaction mix resulted in a 24% reduction in the amount of cinnamic acid produced. As a number of previous studies have shown that flavonoid aglycones can non-specifically bind to proteins, we also investigated the effects of 1 mM phloretin on the activities of CHS, chalcone isomerase (CHI) and anthocyanidin reductase (ANR). Figure 9b shows that the presence of 1 mM phloretin did not inhibit CHI or ANR activity, but did strongly inhibit CHS activity by nearly sevenfold. Increasing the phloretin concentration to 5 and 10 mM further increased the extent of PAL inhibition (Figure 9b ). The phloretin concentrations used in this experiment (1-10 mM) are lower than the physiological concentrations measured in Figure 6b and those reported in previous studies (Hunter and Hull, 1993; Picinelli et al., 1995) .
Application of exogenous phloridzin to the UGT88F1 knockdown lines enhances axial leaf growth
The metabolite analysis of UGT88F1 knockdown lines showed concentration changes in a wide range of compounds; however, the reduction in phloridzin levels represents the biggest change in terms of quantity of phenolics lost from the plant (Figure 7a,b) . To investigate the effects of adding back exogenous phloridzin, 'Royal Gala' control and UGT88F1 knockdown lines were grown in the presence of 100 lM phloridzin. The lengths of newly developed leaves were measured at day 0 and day 10. Figure 10c shows that after 10 days of growth on phloridzin-containing media, UGT88F1 knockdown leaves underwent a 5.4-fold expansion (from 5 to 27 mm) along their axial length. On unsupplemented growth media, however, leaf lengths increased only about threefold over the same period. The 'Royal Gala' controls showed no significant change in axial growth rate when grown in the presence of phloridzin for 10 days. The phloridzin concentration used in this assay is well below the concentration ranges found in leaves reported in this study and in previous reports (Mikulic Petkovsek et al., 2009) . As shown in Figure 7 , the second biggest reduction in phenolic compounds in the knockdown lines were quercetin glycosides. To test the effects of supplying exogenous quercetin glycosides to UGT88F1 knockdown lines, quercetin-3-O-glucoside was added to the growth media to a final concentration of 100 lM. This resulted in small (14%) increases in axial growth to both knockdown lines and the RG control over 10 days. These increases were not statistically significant, however (Figure 10d) . Both phloridzin and quercetin-3-O-glucoside were soluble in DMSO at the concentrations used, and the levels of intact glycosides remaining in the media after 10 days were similar when measured by HPLC. These results indicate that phloridzin, and to a lesser extent quercetin glycosides, may alter the auxin transport environment in UGT88F1 knockdown lines in tissue culture, leading to an enhancement of axial leaf growth.
DISCUSSION
This study aimed to elucidate whether the dihydrochalcone phloridzin plays a role in regulating growth and development in apple. A previous study (Dare et al., 2013b) showed that silencing CHS in apple led to the loss of almost all flavonoid and dihydrochalcone compounds, and induced significant phenotypic effects, which included a highly dwarfed growth pattern. The growth habit of the UGT88F1 knockdown lines phenocopied the CHS RNAi lines, with greatly reduced internode lengths and stunted growth. The UGT88F1 knockdown lines produced more lanceolate leaves, however (Figure 2c ), and also showed brown coloration of stalks and red coloration in flowers and fruit, indicating the continued production of condensed tannins and anthocyanins. Chemically, the UGT88F1 knockdown lines differed from the CHS-silenced lines with foliar phloridzin levels dropping to around 30% of controls. This contrasts with the 3-5% phloridzin remaining in the CHS-silenced apple lines. This partial reduction is probably a result of functional redundancy within the UGT family, and is supported by the identification of two closely related glycosyltransferases (UGT71A15 and UGT71K1) that could also glycosylate phloretin to produce phloridzin (Gosch et al., 2010a) . Overexpression of UGT71A15 in transgenic apple did not result in morphological changes or any significant increase in phloridzin concentrations, but did increase the molar ratio of phloridzin to phloretin . The lower affinity of UGT71A15 for phloretin may mean it plays a more minor role in the production of dihydrochalcones in control plants .
Repression of the general phenylpropanoid pathway by silencing UGT88F1
One of the most surprising aspects of the metabolite analysis of UGT88F1 knockdown lines was the decreased levels of phloretin. By downregulating UGT88F1 and decreasing the amount of phloridzin glycoside, a corresponding increase in the concentration of the phloretin aglycone precursor might be expected. The reduced accumulation of phloretin in the UGT88F1 knockdown lines compared with the RG controls, coupled with the reduced levels of nondihydrochalcone compounds, and the downregulation of PAL expression and activity, suggested that the transient accumulation of phloretin earlier in development may be negatively affecting the entry point of the phenylpropanoid pathway. In this study, phenolic compounds were measured in expanding leaves; however, the positioning of leaf primordia on the flanks of the shoot apical meristem is determined much earlier in development, by highly localised auxin gradients in the epidermal layer (Scarpella et al., 2010) . It is during this early stage of development, when leaf size is also determined (Donnelly et al., 1999) , that transient phloretin accumulation may have exerted its effects. Supporting this hypothesis are a number of studies showing high concentrations of dihydrochalcones in the meristematic regions and axillary buds of apple (Harvey, 1929; Zhang et al., 2007; Dare et al., 2013b; Gaucher et al., 2013b) . Foliar phloretin levels in apple vary widely (Hunter and Hull, 1993) , and are believed to vary with changing rates of biosynthesis and conversion to the end product phloridzin, which is typically found at much higher concentrations . Other aglycone intermediates of the phenylpropanoid pathway are also found at very low concentrations or are absent from metabolite analyses. It is thought that hydrophobic flavonols are more toxic and less soluble than their glycosylated forms, and thus are not accumulated in high levels. It has also been suggested that their hydrophobic properties may make them likely to interact non-specifically with cellular proteins (Solimani, 1997) . Phloretin has been demonstrated to be a highly bioactive compound in numerous mammalian studies (Shao et al., 2008; Huang et al., 2013; Vineetha et al., 2015) , but its effects on plant physiology are less clear. Phloretin accumulation may be deleterious to the plant as its polar surface area (98 A 2 ) suggests that it is considerably more hydrophobic than phloridzin (177 A 2 ). Previous investigations have shown that it readily integrates into lipid membranes and can be oxidised to form highly reactive O-quinones (Pohl et al., 1997) .
Interesting parallels are also evident from double mutant studies on the Arabidopsis flavonol 3-O-UGTs UGT78D1 and UGT78D2 (Yin et al., 2012) . In this paper, reduced 3-Oglycosylation did not result in the accumulation of the kaempferol aglycone, and instead total flavonol content was reduced to one-third of control levels. This decrease was accompanied by significant reductions in gene expression for several phenylpropanoid pathway enzymes, including PAL, C4H, CHS, F3 0 H and FLS1 (Yin et al., 2012) . Silencing UGT88F1 in apple also reduced the concentrations of many phenylpropanoid compounds lying outside the phloridzin biosynthetic side branch, and was accompanied by decreases in gene expression of PAL, C4H, F3H, DFR and FLS. The relationship between flavonoids and transcriptional regulation is not well understood; however, there are a number of reports describing nuclear localisation of flavonoid compounds in species such as Arabidopsis, Prunus avium, Coffea arabica and Camilla sinensis (Feucht et al., 2004a,b) . Catechin has been shown to bind histones, inferring that it may play a role in histone modification, and naringenin chalcone and apigenin have both been identified as modulators of transcription of flavonoid biosynthetic enzymes (Pelletier et al., 1999) . The observed downregulation of PAL in the UGT88F1 lines is of particular significance as it represents the first committed step of the phenylpropanoid pathway, and studies in Nicotiana tabacum (tobacco) show that it regulates overall flux into the pathway (Bate et al., 1994; Howles et al., 1996) . Although transcript levels of CHS did not significantly differ in the knockdown lines, the enzyme activity was reduced nearly eightfold, possibly indicating a post-translational repression mechanism (e.g. via product inhibition, as phloretin is a product of CHS in apple). CHS has been previously demonstrated to be a key step in the formation of flavonoids in a number of species, including tomato, strawberry and apple (Lunkenbein et al., 2006; Schijlen et al., 2007; Dare et al., 2013b) . Decreased PAL and CHS activity will therefore have a significant effect on the accumulation of compounds throughout the pathway.
The negative feedback that exists between PAL and its immediate product, cinnamic acid, has been well documented in a number of species, including tobacco (Blount et al., 2000) , Triticum (wheat; Lam et al., 2008) and Gossypium (cotton; Dubery and Smit, 1994) . PAL inhibition has been shown to operate at both the levels of enzyme activity and transcriptional control (Blount et al., 2000) , and inhibition can be induced by a number of phenolic compounds, including p-coumaric acid, naringenin and quercetin (Sarma and Sharma, 1999) . Less is known about how CHS activity may be effected by phenolic compounds; however, earlier studies have demonstrated inhibition by naringenin chalcone, apigenin and naringenin in various species (Dao et al., 2011) . Flavonoid aglycones have been reported to interact with a number of proteins Xiao et al., 2009) , so it is possible that the observed inhibition by phloretin is a non-specific process mediated by hydrogen bonding or hydrophobic interactions. The lack of inhibition observed with CHI and ANR suggests that although phloretin inhibition is not specific to PAL, it is unlikely to be a generalised protein-phenol interaction, however.
What causes the dramatic phenotypic changes in CHSsilenced and GT-knockdown lines?
The drastic changes to the growth pattern of apple in the UGT88F1 knockdown lines resembled the phenotypic changes previously observed in CHS-silenced lines (Dare et al., 2013b) . Alterations to auxin transport were also similar, with both sets of transgenic plants showing significantly increased [
3 H]IAA transport, compared with controls. Our observed changes in cell shape (Figure 4 ) may be further disrupting auxin transport, as morphology and transport are intrinsically linked (Laskowski et al., 2008) . As flavonoids have been shown to act as auxin transport inhibitors (Jacobs and Rubery, 1988; Brown et al., 2001) , the observed increase in auxin transport is likely to be the result of the loss of one or more phenylpropanoid compounds in the aerial tissues. The observation that 100 lM phloridzin was able to increase the axial leaf length of newly formed leaves in the UGT88F1 knockdown plants, but not the RG control, also suggests that phloridzin is able to modulate auxin uptake or transport in tissue culture within the UGT88F1 knockdown plants and partially restore some aspects of 'normal' RG leaf growth. Phenotypic changes were also noted previously in tissuecultured M7 apple shoots, albeit using much higher concentrations of phloridzin (Jones, 1976) . In our study, the addition of 100 lM phloridzin in tissue culture may seem insignificant compared with the quantities of 30-40 mM measured in expanding leaves (Figure 6 ), but much of this phloridzin is likely to be sequestered in the vacuole, as found with other flavonoids (Zhao and Dixon, 2010) . In the CHS silencing study, it was postulated that the mutant phenotype was caused by the loss of almost all polyphenols, primarily phloridzin, in the aerial tissues, thus resulting in a vastly altered auxin transport environment. The severity of the phenotype was correlated with the degree of gene silencing and the resulting decrease in phloridzin concentrations. Partial knockdown lines that had only a 25-30% reduction in phloridzin displayed near 'normal' internode lengths. This inferred that there was a threshold level of phloridzin or other downstream polyphenols required in apple for normal growth. It is unlikely that the 65-75% reduction in phloridzin levels that we observed in the UGT88F1 knockdown lines represents the exact threshold for normal development, however, as previous studies (Dare et al., 2013a; Hutabarat et al., 2016) reported similar fold decreases in phloridzin levels relative to control plants. There were no reported changes in phenotype in these studies.
Our favoured hypothesis is that the observed phenotypes in knockdown lines could be caused by the selective loss of a less abundant flavonoid below CHS or the accumulation of compounds formed above CHS. This alternative explanation for the phenotypes also existed in the apple CHS silencing study (Dare et al., 2013b) . In the current investigation, metabolite analysis of the UGT88F1 knockdown lines revealed a number of quercetin, kaempferol and p-coumaric acid glycosides that were significantly reduced in the leaves (Figure 11 ). There was no evidence to support the accumulation of phenolic acid derivatives. Quercetin has been previously implicated as a strong auxin transport inhibitor in Cucurbita pepo (zucchini) hypocotyls because of its ability to displace binding of the synthetic auxin transport inhibitor N-1-naphthylphthalamic acid (NPA; Jacobs and Rubery, 1988) . Furthermore, metabolite profiling of Arabidopsis transparent testa mutants showed a correlation between the quantity of accumulated quercetin and quercetin glycosides and the degree of change in the auxin transport patterns in the mutant plants (Buer et al., 2013) . In our study, growing UGT88F1 knockdown shoots on quercetin 3-O-glucoside media elicited only small increases in axial leaf length, and previous studies that reduced both the number and concentration of quercetin derivatives by up to 10-fold, by silencing the F3H gene, did not report any changes in growth pattern . These findings suggest that this flavonol may play a less important role as an auxin transport inhibitor in apple.
In conclusion, our results indicate that targeted downregulation of the phloretin-specific glycosyltransferase UGT88F1 leads to changes in the concentration of a surprisingly wide range of polyphenolic compounds. These changes altered auxin transport within the transgenic plants that produced a strongly dwarfed phenotype that phenocopied previously characterised CHS-silenced plants. Our results strongly implicate dihydrochalcones as critical compounds in modulating phenylpropanoid pathway flux and establishing auxin patterning early in apple development.
EXPERIMENTAL PROCEDURES Vector construction
A 500-bp fragment of UGT88F1 (GenBank EU246349) was PCRamplified with 111441F1 and 111441R1 (Table S2 ) and cloned into the Gateway transfer vector pDONR221 and then into the binary vector pTKO2 (Snowden et al., 2005) to create the RNAi silencing construct pTKO2:UGT88F1 (CaMV 35S:inverted repeat: ACT2-3 0 ). The full-length ORF of UGT88F1 was PCR-amplified using primers 111441F2 and 111441R2 (Table S2 ) and directionally cloned into pENTR/D-TOPO and subsequently into the binary vector pHEX2 (Hellens et al., 2005) to generate the co-suppression construct pHEX2:UGT88F1 (CaMV 35S:ORF:nos-3 0 ). All Gateway reactions were performed as recommended by the manufacturer (Invitrogen, now ThermoFisher Scientific, http://www.thermofisher.com).
Plant transformation and growth
The binary vectors pTKO2:UGT88F1 and pHEX2:UGT88F1 were electroporated into Agrobacterium tumefaciens strain LBA4404. 'Royal Gala' leaves were transformed by A. tumefaciens-mediated transformation and selected on kanamycin-containing media according to the method described by Yao et al. (1995) . Transgenic plants and the 'Royal Gala' controls were rooted and grown under containment glasshouse conditions (Souleyre et al., 2014) . Additional plants were obtained by grafting on 'M9' rootstocks.
Extraction of metabolites for HPLC
For HPLC and LC-MS analysis 200-500 mg of expanding leaf tissue was harvested and weighed before snap-freezing in liquid nitrogen. Samples were then freeze-dried overnight before being extracted in five volumes of 100% methanol and 0.1% HCl for 3 h in the dark at room temperature (20-22°C). Extracts were centrifuged at 4500 g for 5 min at room temperature to pellet cell debris before removing 0.5 ml for vacuum evaporation. Dried pellets were re-suspended in 0.5 ml of 20% methanol before syringing through 0.45-lM syringe filters (Phenomenex, http://www. phenomenex.com) to remove insoluble material. Polyphenols were quantified by HPLC-DAD, as described previously .
LC-MS analysis
LC-MS analysis was performed using an LTQ linear ion-trap mass spectrometer fitted with an ESI interface (ThermoQuest Finnigan, now ThermoFisher Scientific) and coupled to an Ultimate 3000 UHPLC instrument (Dionex, now ThermoFisher Scientific).
Phenolic compound separation was achieved using a Gemini 3-lm C18 110-A (Phenomenex), 150 9 2 mm analytical column maintained at 35°C. Solvents were (A) water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid, and the flow rate was 200 ll min
À1
. The initial mobile phase, 5% A/95% B, was held for 5 min then ramped linearly to 10% A at 10 min, 17% A at 25 min, 23% A at 30 min, 30% A at 40 min and 97% A at 48-53 min, before resetting to the original conditions. The sample injection volume was 10 ll. UV-vis detection was by absorbance at 200-600 nm.
MS data were acquired in the negative mode using a datadependent LC-MS 4 method with dynamic exclusion enabled and a repeat count of 2. This method isolates and fragments the most intense parent ion twice to give MS 2 data, then isolates and fragments the most intense daughter ion twice (MS 3 data), and then isolates and fragments the most intense granddaughter ion twice (MS 4 data). Each ion interrogated is then added to an exclusion list for a period of 1 min to enable mass spectral fragmentation data to be obtained from less intense ions. Phloridzin, its putative isomer and trilobatin were detected predominately as their corresponding formate adducts, m/z 481 (M + formate)
. The electrospray ionization (ESI) voltage, capillary temperature, sheath gas pressure and sweep gas pressure were set at À10 V, 275°C, 40 psi and 5 psi, respectively.
Phloridzin, catechin, chlorogenic acid, rutin, p-coumaric acid, trilobatin and quercetin-3-O-glucoside were quantified by LC-MS using authentic standards. Sieboldin, phloretin, phloretin glycosides, the putative isomer of phloridzin, sieboldin and reported unknowns were quantified by LC-MS using an authentic standard of phloridzin, and are expressed as phloridzin equivalents. Other glycosylated flavonols were quantified by LC-MS using an authentic standard of quercetin-3-O-glucoside, and are expressed as quercetin-3-O-glucoside equivalents. Derivatives of coumaric acid were quantified by LC-MS using p-coumaric acid and are expressed as p-coumaric acid equivalents.
Quantitative PCR analysis of UGT88F1 knockdown lines RNA was extracted from leaves of transformed and untransformed 'Royal Gala' plants using an RNA easy kit (Qiagen, http:// www.qiagen.com). RNA samples were then treated with Turbo DNAse (Ambion, now ThermoFisher Scientific) before cDNA synthesis using the Transcriptor reverse transcriptase kit (Roche, http://www.roche.com). All reactions and extractions were performed according to the manufacturer's instructions. Quantitative RT-PCR reactions were performed in 10-ll volumes with three biological and three or four technical replicates, according to the protocol described in Dare et al. (2013b) . LIGHTCYCLER 4 was used to analyse the data using the cycle threshold ( DD C T ) method, and expression levels were quantified relative to the MdACTIN gene. For each primer set a standard curve was made by serial dilutions of the target cDNA, and the resulting primer efficiency values were incorporated into the data analysis. Primer efficiency values ranged from 1.62 to 1.97. Gene-specific primers were based on the genes identified in Henry- Kirk et al. (2012) , and are shown in Table S2 .
PAL, CHS, CHI and ANR activity assays PAL activity assays were based on the method described in Yin et al. (2012) . Approximately 500 mg of fresh leaves were ground in liquid nitrogen then transferred to five volumes of ice-cold extraction buffer containing 100 mM Bis Tris propane buffer, pH 8.5, 1% (v/v) Triton, 5% polyvinylpyrrolidone, 5 mM DTT, and 19 Complete protease inhibitor minus EDTA mix (Roche). Extracts were centrifuged at 14 000 g for 10 min and the supernatant was desalted using a Sephadex PD-10 column. Reaction mixtures contained 16 mM phenylalanine, 100 mM sodium borate buffer (pH 8.8) and 200 lg of protein extract, and were incubated at 37°C for 2 h. Reactions were stopped by adding 20 ll of 10 M HCl. Reaction products were purified for HPLC analysis by ethyl acetate extraction.
The CHS activity assays were performed according to the method described by Dare et al. (2013b) . CHI activity assays were carried out by incubating 20 lg of leaf protein extract with 30 nmol naringenin chalcone in 100 mM Na 2 PO 4 /KH 2 PO 4 (pH 5.8), in the presence of 50 mM KCN at 30°C. Absorbance was monitored at 365 nm and corrected for the spontaneous cyclization of naringenin chalcone in buffer, as described by Mol et al. (1985) . ANR activity assays were carried out in 200-ll reaction volumes and epicatechin concentrations were measured by HPLC, according to the methods described in Pfeiffer et al. (2006) .
Leaf protein extracts and glycosyltransferase activity assays
Leaf protein extracts were made by grinding 1-2 g of leaf tissue in liquid nitrogen before adding to five volumes of protein extraction buffer [0.2 M 3-(N-morpholino) propane sulfonic acid (MOPS), pH 7.0, 19 Complete protease inhibitor tablet solution (Roche), 1% Triton X-100 (v/v), 5% PVPP (w/v), 2 mM DTT]. The homogenate was then further processed according to previously described methods (Dare et al., 2013a) . Glycosyltransferase activity assays were based on a previously described protocol (Jugd e et al., 2008) , and were performed in 100 ll of glycosyltransferase buffer (100 mM TRIS buffer, pH 7.5, 2 mM dithiothreitol) containing 0.25 lM of the UDP sugar and 20 lg of apple leaf protein extract. Products were identified and quantified by HPLC analysis as previously described (Dare et al., 2013b) .
For the complementation assays, young shoots from containment glasshouse-grown transgenic and control 'Royal Gala' plants were collected, then surface sterilised in 20% bleach for 20 min. Sterilised shoots were grown in tubs containing MS media with 6-benzylaminopurine 1 mg L À1 and indole-3-butyric acid 0.1 mg L
À1
. Shoots were subcultured on the same media at intervals of 4 weeks before transfer to tubs containing either MS media containing 0.5% (v/v) DMSO or MS media supplemented with 100 lM phloridzin or 100 lM quercetin 3-O-glucoside (SigmaAldrich, http://www.sigmaaldrich.com) dissolved in DMSO. Young leaves~5 mm in length were selected at day 0 and re-measured at day 10.
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